The harmonious orchestration of intercellular communication is essential for multicellular organisms. One mechanism by which cells communicate is through long, actin-rich membranous protrusions, called tunneling nanotubes, that allow for the intercellular transport of various cargoes, including viruses, organelles, and proteins between the cytoplasm of distant cells in vitro and in vivo. Over the last decade, studies have focused on their functional role but information regarding their structure and the differences with other cellular protrusions such as filopodia, is still lacking.
Introduction
Tunneling nanotubes (TNTs) have been defined as long, thin, non-adherent membranous structures that form contiguous cytoplasmic bridges between cells over long and short distances ranging from several hundred nm up to 100 μ m [1] [2] [3] [4] . Over the last decade, scientific research has 3 Collectively, our observations provide the first description of TNTs at the structural level and demonstrate that TNTs are different structures from other actin-containing cellular protrusions such as filopodia. We also describe an imaging work-flow that, although technically challenging, better preserves these fragile structures in native conditions, and is useful for studying their structure and the role they may play in other cell types and physiological models.
Results

Structural analysis of TNTs using cryo-correlated approaches
To study the ultrastructure of TNTs connecting CAD cells ( Supplementary Fig. 1A ) 19, 22 we applied correlative light-and electron microscopy. Initial attempts of analyzing TNTs by correlative SEM showed that most TNTs connecting CAD cells broke during sample preparation ( Supplementary Fig. 1C-1D ) and only few, thick, more robust TNTs were preserved (Supplementary Fig. 1E ) 1, 15, 16 . Intriguingly some of the broken structures appeared to be comprised of multiple smaller tubes (yellow arrowheads, Supplementary Fig. 1F ).
To better preserve these thin and fragile membranous structures, cells were labeled for FM, fixed by rapid freezing, and imaged at nanometer resolution by correlative cryo-FM and cryo-TEM/ET under fully hydrated conditions (see workflow detailed in Fig. 1A ). FM was used to screen for long (≥10 µm) and direct cell-to-cell connections labeled with wheat-germ agglutinin (WGA) hovering over the substrate, a phenotypic criteria used to identify TNTs 1, 2, 19, 23, 27 .
Two correlative light and electron microscopy (CLEM) approaches were employed to image cells grown on grids: i-CLEM, and ii-CLEM. By i-CLEM, most TNTs that appeared as one tube under FM and transmitted light ( Fig. 1B-1C ) were comprised of a bundle of individual tunneling nanotubes (iTNTs), each delimited by its own plasma membrane as suggested by our SEM images ( Supplementary Fig. 1F ). iTNTs ran mostly parallel to and occasionally braided over each other ( Fig. 1D-1H ). We also observed that their tips could come from opposite directions, suggesting that they were in the process of extending to other cells or retracting from opposite cells (red stars, Fig.   1F and 1H). Single thicker TNTs (600-900 nm in diameter), were rarely observed (Supplementary Fig. 2A ).
TNTs have previously been reported to transfer vesicles, organelles, and various cargoes between cells by FM and live imaging 2, 4, 5, 22 ; however, whether these cargoes were transported through the TNT lumen or by surfing on the limiting membrane could not be shown due to resolution limitations. By cryo-EM, we were able to observe vesicular membrane compartments located inside and between iTNTs. These vesicles were heterogeneous in size and shape, spanning from single membrane spherical vesicles (yellow arrowheads, Fig. 1G-1H , 2A-2E, 2G)
with an average size of 109.12 nm (SD=25.55 nm) (Fig. 2I) , to multi-vesicular compartments (blue arrowheads, Fig. 2F and 2H ). This observation supports our previous FM studies in CAD cells showing TNT-mediated transfer of DiD-labeled vesicles, lysosomes, and aggregated proteins between cells 7, 22, 27 , and indicates that transfer occurs through the TNT lumen. Intriguingly, we also observed vesicles inside iTNTs with tips having opposite orientations (green arrowheads indicate vesicles, and red stars show the tips of tubes, Fig. 1H ). This finding suggests that bidirectional cargo transfer observed by FM in one TNT could result from unidirectional transfer of vesicles inside iTNTs running in opposite directions. On the other hand, external vesicles were enclosed by a double membrane (turquoise arrowheads, Fig. 1G , 2E, and 2H), suggesting that they resulted from single-membrane vesicles budding off the plasma membrane of an iTNT. Several vesicles coupled together surrounded by an outer membrane were also observed outside iTNTs (pink arrowheads, Fig. 1H and 2B-2C) which might also be explained by a membrane pinch-off or a break of the iTNT containing them.
Overall, by cryo-correlative light-and electron microscopy we discovered novel structures that correspond to the FM definition of TNTs. However, the number of TNTs imaged by cryo-CLEM was not sufficient for quantitative analysis, therefore we established a variant work flow by chemically fixing CAD cells and imaging them by FM at room temperature prior to rapid freezing and cryo-TEM (ii-CLEM) (Fig. 1A) . Importantly, by cryo-EM, structural details looked indistinguishable between cryo-and chemically fixed samples (i.e. i-CLEM vs. ii-CLEM) ( Supplementary Fig. 3A-3B ) 28 .
Quantitative ultrastructural analysis of TNTs using cryo-electron tomography
To increase the number of TNTs on TEM grids even further, we turned to our previous findings showing that TNTs and filopodia are regulated by the same actin modifiers but in an opposite manner 19 . CK-666, an Arp 2/3 complex inhibitor previously shown to inhibit filopodia 29 ,
was tested for its effect on TNT formation. By using a method reported before 19, 30 we quantified filopodia by counting vinculin-labeled peripheral spots in CAD cells. As hypothesized, our results
show that CK-666 inhibits the formation of adherent filopodia ( Supplementary Fig. 4A-4B ), while the same treatment increased the number of cells connected via TNTs ( Supplementary Fig. 4C-4D ). These CK-666 induced TNTs were functional as assessed by a transfer assay previously used to monitor the transfer of DiD-labeled vesicles between a donor-acceptor cell co-culture 19, 23, 27 , which shows a significant increase in the percentage of acceptor cells containing DiD-vesicles,
( Supplementary Fig. 4E-4F ) . Importantly, TNTs in CK-666 treated CAD cells showed no detectable structural differences in cryo-TEM compared to the untreated control. (Supplementary
Fig. 4G-4H).
We used these conditions to elucidate the spatial arrangement of iTNTs with respect to each other and to extract high-resolution detail of the actin organization and the vesicular compartments located inside iTNTs by cryo-ET. TNT-bundles had a diameter between 145 and 700 nm (305 nm on average) and were comprised of 2 to 11 iTNTs with an average diameter of 122.61 nm (SD= 65.73 nm) . While the majority of iTNTs (~95%) measured up to 200 nm in diameter (Fig. 3J) , thicker iTNTs (up to 550 nm) were occasionally observed. The spacing between individual tubes ranged between 8 and 90 nm for parallel iTNTs, while for less parallel iTNTs the spacing increased to 200 nm. 90% of these distances in parallel iTNTs ranged between 8 and 60 nm ( Supplementary   Fig. 5 ).
By cryo-ET (Fig. 3A-3C and 3G-3H), iTNTs displayed thin structures connecting two iTNTs (turquoise arrows, Fig. 3E , 3F, and Supplementary Videos 2-4) occasionally occurred along the entire length of iTNTs giving a 'pearling' effect ( Fig. 3I and Supplementary Videos 4-5). Finally, our tomograms suggest that iTNTs were held together by long threads that coiled around them (green arrows, Fig. 3E3 and 3I2). While we could not investigate the nature of these formations, we also observed them in native frozen conditions, suggesting that they are not artifacts resulting from
Another open question in the field is how cargo moves inside TNTs. We observed that vesicles inside iTNTs were typically located between the plasma membrane and a parallel actin bundle. Because their size exceeded the diameter of the individual tube, they bulged out from the plasma membrane, squeezing the actin filaments ( Fig. 1G-1H , 2A-2F, and 3E-3F). By cryo-ET, we observed thin electron-dense structures that presumably connected intracellular vesicles to actin filaments (pink arrowheads, Fig. 3E ), and short (~10 nm) spike-like structures that seemed to link vesicles to the plasma membrane on the opposite side of the actin bundle (orange arrows, Fig.   3E ). These observations are consistent with the hypothesis that vesicles move inside TNTs on actin filaments using myosin motors 1,27 .
Within iTNTs, actin was organized in long bundles of filaments running parallel to each other ( Fig. 3D-3F , 3I, 4A, and Supplementary Videos 1-5). Due to beam damage, a technical drawback inherent to cryo-TEM, we were not able to image the actin bundle along the entire length of the TNT. However, by imaging non-consecutive (1.2-1.5 μ m) regions of TNTs, each iTNT contained an uninterrupted parallel actin bundle extending along the whole length of the area imaged. This suggests that each iTNT contains a single continuous bundle of parallel actin filaments ( Fig. 3D-3F ). Actin bundles filled the entire lumen of with a diameter of < 300 nm iTNTs ( Fig. 1G-1H , 2A-2H, 3, and 4A-4B). Tracing plot profiles and performing the Fourier power spectra analysis on our cryo-CL-ET images estimated the average distance between the centers of actin filaments in bundles at 10.05 nm (SD= 0.84 nm) with an inter-filament distance of 4.7 nm (SD=1.08 nm) ( Fig. 4A-4F ).
Comparing and contrasting TNTs to filopodia
The structures we described above as TNTs appeared different compared to filopodia previously studied by cryo-ET 31,32 . Thus, we decided to use our cryo-EM approach to analyze the structure of filopodia in CAD cells in order to directly compare them with TNTs in the same cell type ( Fig. 5A-5F ). To increase filopodia number on TEM grids, CAD cells were transfected with the vasodilator-stimulated phosphoprotein (VASP), a protein previously shown to be an effective inducer of filopodia in different cells 13, 19, 27 . Filopodia induced by VASP looked indistinguishable from those of untreated cells at the ultrastructural level ( Fig. 5A-5F ).
Filopodial extensions in CAD cells exhibited lengths that span between one and several microns with an average diameter of 174.86 nm, (ranging between 118.29 nm and 285.5 nm).
These measurements were close to those we obtained for TNTs, making the discrimination between these two structures challenging by FM. However, unlike TNTs, filopodia were single isolated protrusions that displayed both short (Fig. 5B, 5D , and Supplementary Videos 6-7) and long conformations ( Fig. 5H and Supplementary Video 9) that can be straight, bent, or twisted around other filopodia ( Fig. 5B and Supplementary Video 6).
Actin filaments within the filopodia of CAD cells showed two different organizations. As previously described for other neuronal cell lines 32 , actin filaments were mostly organized in tight parallel bundles that extended into the tip of the filopodium (Fig. 5B, 5D , 5H, 5I, and Supplementary Videos 6-7, and 9). Differently form TNTs, filopodia actin filaments did not run uninterrupted along the whole length of the area imaged (1.2-1.5 μ m). Instead, they were organized in bundles comprised of shorter filaments with a length varying between 300 and 1100 nm, with only 15% having a length larger than 1 μ m (Fig. 5H) . Alternatively, filopodia also displayed short parallel actin bundles (Fig. 5B, 5H , and Supplementary Videos 6 and 9) that intermingled with short-branched filaments (red arrowheads, In agreement with results reported by Aramaki et al., in a different neuronal cell line 32 , the average distance between actin filaments in bundles was 10.36 nm (SD=0.4 nm) with an interfilament distance of 4.68 nm (SD=0.73 nm) ( Fig. 5I-5K ). This is similar to the estimate obtained for actin bundles within iTNTs ( Fig. 4C-4E Supplementary Fig. 1G ), while thinner structures would often break (yellow arrowheads, Supplementary Fig. 1G and 1H ). Compared to CAD cells, however, more thin structures connecting SH-SY5Y cells survived the classical embedding conditions (blue arrowheads, Supplementary Fig. 1I ). By employing CLEM approaches on this cell model, TNTs connecting SH-SY5Y were also comprised of bundles of two or more iTNTs ( Fig. 6A-6D ) and only occasionally single thick connections were observed ( Supplementary Fig. 2B ). iTNTs connecting SH-SY5Y cells had an average diameter of 120.71 nm (SD= 71.39 nm) ( Fig. 6E ) and contained vesicular compartments (yellow arrowheads, Fig. 6C-6D ), with an average diameter of 104.04 nm (SD=57.78 nm) (Fig. 6F) . Importantly, control experiments demonstrated that iTNTs connecting SH-SY5Y cells fixed by rapid freezing were virtually identical to those chemically fixed, as in CAD cells ( Supplementary Fig. 3C-3D) .
In order to demonstrate that the structures identified by cryo-CLEM in SH-SY5Y cells were functional we analyzed whether they also transferred cargo. As previously reported for PC12 cells 36 , mitochondria did not move through the TNT at a uniform speed and seemed to accelerate in segments where the TNT appeared to be completely straight.
As exemplified in Supplementary Video 12, labeled mitochondria traveled all along an iTNT and accumulated in the cytoplasm of the neighboring cell (blue arrowhead, Supplementary Fig. 6A and
Supplementary Video 12).
The presence of mitochondria inside iTNTs was confirmed at the ultra-structural level by ii-CLEM and cryo-ET. By cryo-ET, the mitotracker labeled structures seen by FM ( Fig. 6H-6J ) were mitochondria based on their size, shape, and presence of mitochondrial cristae ( Fig. 6L-6N ).
Intriguingly mitochondria were observed in only one of the iTNTs which contained actin and often appear to bulge with the passage of mitochondria (Fig. 6K, M , N, and Supplementary Fig. 6B-6I ).
Altogether, this data demonstrates that the structure of functional TNTs (i.e. allowing transfer of cargoes inside their lumen) is similar between CAD and SH-SY5Y cells, two different neuronal cell models from different origins and species.
SH-SY5Y cells connect via continuous and closed-invaginating connections
Given that vesicles and larger organelles such as lysosomes and mitochondria are transferred between cells connected by TNTs, it is conceivable that TNTs are structures open on both ends connecting the cytoplasm of two neighboring cells. This notion, however, is still controversial as it has not been sufficiently supported by prior ultra structural data 1, 12, 15 . Cryo-ET, was not suitable to address this question as connections between TNTs and cell bodies, were too thick (> 500nm in thickness) to be investigated by TEM (Supplementary Fig. 7 ). Therefore, we used focus ion beam SEM (FIB-SEM) tomography to analyze specifically the 'contact zones' where TNTs contacted the cell bodies of connected cells.
Contact zones were identified by FM ( Fig. 7A and 7E ) and cells subsequently prepared for FIB-SEM tomography. Under the imaging conditions used, the resolution was sufficient to discern plasma membrane boundaries of cells and TNTs, which were segmented to visualize contact zones in 3D. The 3D reconstruction illustrated in Fig. 7D revealed two single contiguous TNTs with an average diameter of 176.3 nm (SD=18.65 nm) and 4.3 µm of length) crossing each other along the way and connecting a pair of cells ( Fig. 7C-7D, Supplementary Video 14) . In a separate example, we observed a pair of tubes with 220 nm in diameter (SD=35.72 nm) connecting two cells by FM (Fig. 7E) . One of these tubes is inserted inside the apposing cell and appears to be closed at its tip (red arrowhead, Fig. 7E-7F, Supplementary Video 15) . This invaginating event could presumably be the result of a pre-or post-TNT (fusion) event. Alternatively, this observation could also indicate that TNTs can either be open-or close-ended at contact zones. As illustrated in Fig. 7F , the imaging planes from FIB-SEM (Fig. 7G) correspond to fluorescent counterparts. It should be noted that TNTs in our FIB-SEM data did not display a straight and smooth shape typically observed by FM and cryo-EM. We believe that tubes can deform during sample preparation or milling.
Nonetheless, to our knowledge this represents the first demonstration that TNTs observed by FM can be open-ended on both sides, thus directly linking the cytoplasm of two connected cells.
Discussion
Tunneling Nanotubes (TNTs) have been shown to play a vital role in the spreading of different cargos, organelles, and amyloidogenic proteins between cells in vitro and have therefore been implicated in many different physiological and pathological processes [2] [3] [4] [5] 22 .
While the morphological features of TNTs have been extensively described in various cell types using fluorescence microscopy, to date, no reliable EM method has been reported that would allow for the observation of TNTs at the nanoscale resolution without jeopardizing their fragile membranous and cytoskeletal composition. Indeed TNTs have only been studied at the ultrastructural level by conventional SEM and TEM methods in a handful of publications 1, [15] [16] [17] [18] .
Here we set up a workflow for correlative light-and cryo-ET microscopy that, to the best of our knowledge, is the only approach to identify and characterize the precise structure of these cell-tocell connections observed by FM. By using this approach, we were able to observe TNTs connecting two different neuronal cell models, CAD and SH-SY5Y cells at the nanometer resolution.
Our results show that most TNTs, which appear as single connections by fluorescence microscopy, are in fact made up of several individual tunneling nanotubes (iTNTs). iTNTs often run together in a parallel fashion but occasionally braid over each other. We speculate that this conformation might greatly increase their stability and elasticity, allowing them to withstand movements between connected cells. iTNTs contain actin bundles organized in a highly-ordered fashion and likely extend all along the tube. In the majority of cases, actin bundles filled the entire lumen within iTNTs suggesting the same actin polarity in a single tube. We also observed tips of iTNTs "likely" in the process of "extending to-or retracting from either of the two connected cells ( Fig. 1 and 6 ). We hypothesize that iTNTs extending from opposing cells would have opposite polarities, thus allowing unidirectional transfer in opposite directions (always from donor to acceptor cell). In support of this hypothesis we could observe vesicles inside distinct iTNTs (within the TNT bundle) that appear to originate from opposite sides ( Fig. 1H and 7H ). This could explain bidirectional vesicular transfer previously observed inside what appeared as a single TNT by FM.
Further studies combining live microscopy with cryo-TEM will be required to directly confirm this hypothesis. Alternatively, one could imagine that each iTNT could contain actin filaments with 1 0 actin bundle per iTNT, the presence of tubulin has been observed (by FM) in thicker connections, mainly in cells of the immune system, but not inside TNTs from neuronal cells 1, 38, 39 .
In addition, our tomograms suggest the existence of thin filaments that connect iTNTs ( Fig. 3 and 7H). These contacts presumably increase the mechanical stability of the overall bundle and hold iTNTs together. Understanding whether these filaments are protein or lipid based will be important to decipher the molecular mechanism underlying the formation of iTNTs.
We also detected vesicular compartments of different shapes and sizes inside iTNTs (Fig. 2) , reinforcing the wealth of literature demonstrating the intercellular transfer of vesicles via TNTs 2,4,5 .
In addition, we observed extracellular vesicles surrounded by a double membrane, which could have derived from either budding or fission from an iTNT. Future studies will be necessary to investigate both the nature of intra-and extracellular vesicles.
Nonetheless, by correlative cryo-TEM we identified mitochondria inside iTNTs connecting SH-SY5Y cells ( for TNTs. This is possibly due to the lack of resolution achievable by our cryo-TEM on thick samples and the considerable technical challenges we faced when imaging iTNT bundles under 1 1 differences and similarities in the actin arrangements within iTNTs, a more powerful cryo EM approach would be needed (e.g. Titan/Krios TEM).
Next, to specifically address the controversial question in the TNT field regarding whether
TNTs are connecting the cytosol of two cells, we performed FIB-SEM tomography, which allowed us to image the ends (or contact sites) of iTNTs. Interestingly, by FIB-SEM we were able to identify both open-and close-ended connections such as invaginations at contact zones. At this point, we cannot discriminate whether the differences observed are the result of the existence of distinct iTNTs or whether it is due to temporal pre or post fusion events. Nonetheless these data represent the first demonstration that open-ended TNTs exist and could correspond to the functional TNTs structures observed by FM.
Overall, the data presented here represent the first structural characterization of functional TNTs previously observed by light microscopy in two different neuronal cell models. They demonstrate their specific identity, highlight the morphological differences with filopodia, show the actin architecture at high resolution and the presence of vesicular structures and mitochondria inside them.
While many more questions remain open these data also guide the establishment of a TNT inducing and imaging platform for investigating the structural mechanism underlying TNTs, as well as for revealing the specific role that membrane and cytoskeleton-associated proteins may play in the formation and function of this important biological process.
Materials and methods
Cell preparation and transfections
CAD cells (mouse catecholaminergic neuronal cell line, Cath.a-differentiated) were cultured at 37°C
in Gibco Opti-MEM (Invitrogen), plus 10% fetal bovine serum and 1% penicillin/streptomycin 23 . SH-SY5Y cells (neuroblasts from human neural tissue) were cultured at 37 °C in RPMI-1640 (Euroclone), plus 10% fetal bovine serum and 1% penicillin/streptomycin. Transient transfections were performed with Lipofectamine 2000 (Invitrogen) in accordance with the manufacturer's instructions. GFP-tagged constructs were used as previously described 19 .
Pharmacological treatments
Effect of CK-666 in the Number of Cells connected via TNTs and Vinculin Spots.
For pharmacological assays, confluent CAD cells were mechanically detached and counted; 100,000 cells were plated for 24 hrs on Ibidi 
Cell preparation for cryo-EM
Carbon-coated gold TEM grids (Quantifoil NH2A R2/2) were glow-discharged at 2 mA and 1.5- 
Microscopy
Confocal Microscopy and Image Analysis.
Fluorescent images from pharmacological assays were acquired using an inverted Zeiss LSM 700 confocal microscope. Quantification of TNT-connected cells, vinculin-positive focal adhesions, and intercellular vesicle transfer were previously described 19, 23 .
Scanning Electron Microscopy (SEM) and correlative light/SEM
CAD and SH-SY5Y cells were plated overnight on gridded IBIDI dishes, fixed at 37°C in 0.05% glutaraldehyde, 2% PFA in 0.2 M Hepes for 15 min followed by fixation in 4% PFA in 0.2 M Hepes for 15 min, stained with WGA 488 (1:300) for 15 min a RT. The samples were post-fixed in 2.5% glutaraldehyde in 0.2 M cacodylate buffer (pH 7.2) at 4°C, washed three times 5 mn in 0.2M cacodylate buffer (pH 7.2), treated for 1h with 1% osmium tetroxide in 0.2 M cacodylate buffer and then rinsed in distilled water. Samples were dehydrated through a graded series of 25, 50, 75 and 95% ethanol solutions for 5 min and for 10 min in 100% ethanol followed by critical point drying with CO2. Samples were sputtered with a 10 nm gold/palladium layer and were observed in a JEOL JSM-6700F field emission scanning electron microscope at a voltage of 5kV.
Focused-ion Beam Scanning Electron Microscopy (FIB-SEM).
SH-SY5Y cells were plated on gridded Ibidi µ-dishes (Biovalley, France). Positions were identified and recorded by light and fluorescence microscopy. After chemical fixation (same as described for SEM and correlative light/SEM), cells were incubated in 1% (w/v) osmic acid and 1.5 % (w/v) potassium ferrocyanide for 30 min, 1% tannic acid for 30 min, and 1% osmic acid for 30 min.
Samples were dehydrated in a graded ethanol series (25%, 50%, 75%, 95% and 100%) and embedded in Epon (Agar Scientific, UK) and subsequently placed on a pin stub and recovered with silver paint (Agar Scientific, UK). Flat surfaces were coated with a 10 nm-thick layer of gold/palladium using an ion Beam Coater (Gatan Inc, USA) to avoid charging effect. 3D
tomography was made with a FIB-SEM Auriga (Zeiss, Germany). An additional 1µm protective layer of platinum was deposited on the surface of the region of interest using an ion beam assisted deposition with 30 kV acceleration potential. The cross-section was milled using a 10 nA ion beam current. The surface obtained was then polished using a 2 nA ion beam current. Tomographic sections of 10 nm during acquisition were obtained using a 500 µA ion beam current. SEM images were acquired at 10 nm per pixel for a frame size window of 2048*2048 pixels by using a 1.5 keV acceleration voltage and a 30 µm aperture with the back-scattered electrons detector. Alignment of the acquired stack of images was done using ImageJ. Segmentations and measurements were performed using Amira 6.4 (Thermo Fisher Scientific, USA).
Cryo-correlative Light and Electron Microscopy (i-CLEM).
Vitrified TEM grids containing fluorescently labelled CAD cells were imaged on an epifluorescent Digital images were recorded with a AxiocamMRm camera (Zeiss). Following cryo-fluorescence imaging, the vitrified samples on grids were stored in liquid nitrogen until they were used for cryo-TEM. In all images, the brightness and contrast were adjusted in order to highlight TNTs.
Correlative Light and Cryo-electron Microscopy (ii-CLEM).
CAD cells on TEM finder grids were chemically fixed after fluorescent labeling as described in the cell culture section. The samples on TEM grids were then positioned in glass-bottom dishes Cryo-electron Microscopy.
Cryo-electron tomography was performed on a Tecnai 20 equipped with a field emission gun and operated at 200 kV (Thermo Fisher company). Images were recorded using either Explore 3D or SerialEM software on a 4k x 4k camera (Ultrascan from Gatan) and a Falcon II (FEI, Thermo Fisher) direct electron detector, with a 14µm pixel size. Tilt series of TNTs were acquired covering either an angular range of -52° to +52° (Supplementary Video 5) , -51° to 51° (Fig. 4I and Supplementary Video 4), or in specific cases due to sample physical constraints with a reduced angular range (Fig. 4D, 4E , 4F, and corresponding Supplementary Videos 1, 2, and 3), with 2-4 degrees increment. The defocuses used were -8 and -10 µm. Tilt series of filopodial protrusions were acquired covering a tilt range of -65° to +66° (Fig. 6B, 6D For live cell imaging, the 37 °C temperature was controlled with an Air Stream Stage Incubator which also controlled humidity. Cells were incubated with 5% CO2 during image acquisition.
Image analysis and visualization
Tomographic tilt series were processed using version 4.9.2 of IMOD 49 . Projections were preprocessed by hot pixel removal and rough alignment by cross-correlation. Final alignments were done by using 10 nm fiducial gold particles coupled to protein A gold. The reconstructions were obtained by using a weighted back-projection algorithm 50 . For visualization purposes, the reconstructed volumes were processed by a Gaussian filter. Surface rendering was done with Amira 6.2 software package. Quantitative measurements of TNTs' and vesicle diameter on TEM micrographs or on 3D tomographic reconstructions were done by using the open source program Fiji.
Statistical analysis 1 6
The results of image analysis from pharmacological assays were transferred to Prism (GraphPad).
For more than two groups statistical significance was assessed by a one-way ANOVA with Tukey correction. Differences were considered significant at *p< 0.05, **p< 0.005, or ***p< 0.0005.
Quantifications were done blind. Quantitative data depicted as (±SEM) mean standard deviation.
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